Nanosecond-scale evolution of plasma and RF electromagnetic fields during the release of energy from a microwave pulse compressor with a plasma interference switch was investigated numerically using the code MAGIC. The plasma was simulated in the scope of the gas conductivity model in MAGIC. The compressor embodied an S-band cavity and H-plane waveguide tee with a shorted side arm filled with pressurized gas. In a simplified approach, the gas discharge was initiated by setting an external ionization rate in a layer crossing the side arm waveguide in the location of the electric field antinode. It was found that with increasing ionization rate, the microwave energy absorbed by the plasma in the first few nanoseconds increases, but the absorption for the whole duration of energy release, on the contrary, decreases. In a hybrid approach modeling laser ignition of the discharge, seed electrons were set around the electric field antinode. In this case, the plasma extends along the field forming a filament and the plasma density increases up to the level at which the electric field within the plasma decreases due to the skin effect. Then, the avalanche rate decreases but the density still rises until the microwave energy release begins and the electric field becomes insufficient to support the avalanche process. The extraction of the microwave pulse limits its own power by terminating the rise of the plasma density and filament length. For efficient extraction, a sufficiently long filament of dense plasma must have sufficient time to be formed. V C 2015 AIP Publishing LLC.
I. INTRODUCTION
Microwave plasma discharges in pressurized gases have been extensively investigated for many years for a large range of pulse durations and frequencies. The basic phenomena involved in a microwave gas breakdown are described and relatively well understood. 1, 2 More recently, many experimental, theoretical, and numerical studies of the spatial structure and temporal evolution of plasma formed in the high-pressure microwave discharge have been performed. [3] [4] [5] [6] [7] Yet, the dynamics of the plasma formation at the initialnanosecond time-scale-stage of the discharge remains insufficiently understood. This is especially important for the case of discharge in a resonant cavity as there is a mutual influence of the discharge development and the process of microwave energy release from the cavity that goes out of resonance during plasma generation.
Such a situation directly concerns the operation of highgain resonant microwave pulse compressors 8, 9 with plasma switches. In these compressors, the resonant cavity is charged by an external source; then the plasma discharge is initiated, the cavity is opened, and the stored energy is rapidly extracted into a load. High-gain compressors are a promising alternative to high-power microwave sources driven by relativistic electron beams since compressors can generate hundreds megawatt output power using welldeveloped megawatt-level magnetrons or klystrons capable of reliable operation at high repetition rates. For high power gain, the switch should open the cavity almost fully so that the characteristic time of energy release approaches the round-trip time for a traveling electromagnetic wave along the cavity; usually, this is several nanoseconds.
The switch, therefore, is a key element for efficient compressor operation since the dynamics of plasma formation in it actually shapes the waveform of the microwave output pulse and ultimately determines the output power. Despite advances in the practical development of such compressors, 10 the problem of the influence of plasma density evolution on the compressor output pulse was neither considered theoretically nor simulated numerically. Meanwhile, the importance of gaining a deeper understanding of the selfconsistent dynamics of the plasma discharge and cavity fields for minimizing switching losses (2-3 dB at best in practice) and improving the quality of the output pulse (so far, output pulses of resonant compressors have rather triangular waveform) seems obvious.
The first attempt to simulate the process of the output pulse extraction from the resonant microwave compressor with the plasma switch was undertaken in our recent work. 11 Simulations were performed with the use of the fully electromagnetic particle-in-cell (PIC) code MAGIC (Ref. 12 ) for a simple rectangular waveguide-based geometry of the compressor using an H-plane waveguide tee as an interference switch. Different options for introducing the plasma provided by MAGIC were tried, and it was found that the gas conductivity model 13 and hybrid model combining the plasma representation as a conductive gas with particles treated by the PIC algorithm are most appropriate for these 1070-664X/2015/22(7)/073111/9/$30.00
V C 2015 AIP Publishing LLC 22, 073111-1 studies. It was shown that the rise of the compressor output power in time correlates with the rise of the plasma density. In addition, the output power rises with the expansion of the volume occupied by the plasma.
In this work, we continue studies started in Ref. 11 using the gas conductivity model for the plasma. We focus now on the issues important for understanding the factors determining the switching losses and the waveform of the output pulse, i.e., on the dynamics of the RF energy absorption in the plasma and on the self-consistent evolution of the plasma density and RF electric field in the compressor cavity and switch. In addition to the model configuration of the compressor, same as in Ref. 11, we have also performed simulations for the geometry of the compressor studied in our experimental works [14] [15] [16] to compare the simulation results with those obtained in the experiments.
II. SIMULATED CONFIGURATIONS AND PLASMA MODEL
The simulations were performed for the geometry consisting of standard S-band rectangular waveguide sections (72 mm Â 34 mm). Although compressors with a cylindrical cavity and switch design are capable of higher gain, 10 the rectangular waveguide-based geometry is also employed elsewhere in experiments. 17, 18 The 3-D view of the system (with coordinate axes) is shown in Fig. 1 along with the x-y cross-sections and RF electric field patterns obtained in simulations of the compressor charging without plasma for two different cases: the model configuration, as in Ref. 11 , and the experimental configuration, as in Refs. 14-16. The simulation region includes the input and output sections, a cavity section, and a shorted side arm; the total length is 144 cm in both cases. The waveguide walls are silver for the model configuration and brass for the experimental one. The input iris of 4 mm thickness has a circular coupling hole, 27 mm in diameter; for the case of the model configuration, it is filled with a dielectric of e ¼ 2.25. At the input port, the electromagnetic wave in the TE 10 mode is injected into the system with a set amplitude of the RF voltage across the waveguide. The frequencies corresponding to resonant charging are 2980.2 and 2766.8 MHz for the model and experimental configurations, respectively.
The simulations of the stage of microwave energy release caused by the appearance of the plasma were initiated by the preset RF fields obtained in preliminary simulations of charging the compressors without plasma for the geometries presented in Fig. 1 . The gas conductivity model embedded in MAGIC implies that the plasma is treated as a conductive gas whose conductivity is calculated from the electron and ion densities n and mobilities l depending on the electric field and pressure r gas ¼ eðl e n e þ l p n p þ l n n n Þ;
where indices e, p, n correspond to electrons, positive, and negative ions, respectively. The densities evolve according to the equations accounting for electron avalanche, electronneutral attachment, electron-ion recombination, and positivenegative ion neutralization:
Here, the coefficients a (avalanche), b (attachment), a e (recombination), and a i (neutralization) are set as functions of field and pressure. The source term Q e (the rate of external ionization) can be set as a function of the spatial coordinates and time (no particles in a simulation) or, alternatively, is calculated using ionization cross-sections for primary particles (electrons) treated by the PIC algorithm
where q and v i are the charge and velocity of a macroparticle, respectively, r ion is the cross-section, N is the neutral gas number density, and DV is the cell volume of the computational grid. Ionization cross-sections for different gases versus electron kinetic energy are provided by MAGIC. In simulations of both configurations, the initial electron density n e ¼ 10 4 cm À3 (cosmic background) was set all over the compressor cavity and side arm. For the model configuration, the gas filling the compressor was air, and the coefficients in Eq. functions employed for air by MAGIC. 13 The external ionization rate Q e in this case was set constant for a fixed time interval within the 8-mm-thick layer crossing the side arm waveguide at the antinode of the RF electric field. For the experimental configuration, to simulate laser triggering of the discharge, as in the experiments, [14] [15] [16] an initial population of particles was set in a small volume around the electric field antinode in the side arm, and Q e was calculated from Eq. (3). Since in the experiments, 15 ,16 the gas filling the system was helium, the attachment rate was set to zero, and the avalanche rate was derived from the empirical formula for the Townsend coefficient for inert gases (see Ref. 2) . This derived avalanche rate as a function of the electric field absolute value E is given by
where the pressure-dependent coefficients C and D were calculated using the tabulated data for helium available in Ref.
2, as well as was the electron mobility.
III. SIMULATION RESULTS AND DISCUSSION

A. Model configuration
In studies of the model configuration, we concentrate on the issue of energy balance in the system during the output pulse extraction, particularly on the dynamics of microwave energy absorption in the plasma. In the scope of this model, it was shown in Ref. 11 that for a given input power and external ionization rate, there is an optimal pressure maximizing output power. The efficiency of power extraction, nevertheless, decreases with increasing pressure. It is natural that switching losses increase with increasing pressure as the plasma absorbs more energy due to electron interaction with neutrals. The question, however, remains regarding the dependence of the energy absorption at a fixed high pressure on the rate of external ionization. Is it possible to achieve efficient extraction of the stored microwave energy at high pressure by means of some appropriate discharge triggering technique?
The simulations were performed for air at a pressure of 3 Â 10 5 Pa. The input RF voltage amplitude was set at 15 kV, and the amplitude of the preset RF electric field in its antinode located in the side arm was %92 kV/cm. Accordingly, the input power was %225 kW, and the power of the traveling wave component of the preset cavity field (the stored power) was %14.2 MW. Different constant rates Q e of external ionization (source term in Eq. (2)) were set for a time interval of 5 ns. After 5 ns and outside the 8-mm-thick layer crossing the waveguide at the field antinode, the source term was set zero. The exact location of the antinode was in the middle of the layer.
The energy balance since the start of external ionization comprises the electromagnetic energy within the system, the energy dissipated in the waveguide walls, the energy absorbed in the plasma, the energy entering the system through the input port (integral of the power flux over time), and the energy leaking through the output port (the energy of the compressor output pulse). In Fig. 2 , the energies obtained in the simulations with two external ionization rates differing by one order of magnitude are presented as a function of time. Also shown in the plots of Fig. 2 is the microwave output power. The energy scattered in the walls and the energy entering the system during the simulation time are not shown, as their contribution to the energy balance is insignificant. It is seen that the higher external ionization rate provides lower switching losses and higher output power of the compressor. The energy absorbed in the plasma for 16 ns is %54.4 mJ (see Fig. 2 (a)), while for the lower ionization rate ( Fig. 2(b) ) is as high as %94.7 mJ (the RF energy within the system at t ¼ 0 is %152 mJ, which includes %139 mJ in the cavity section). Accordingly, the peak output power for the higher Q e is %12.3 MW, while for the lower Q e is only %3 MW (compare to %14.2 MW of the stored power). Furthermore, the rise-time of the output pulse is much shorter for the higher Q e . Let us note here that the dynamics of the energy absorption in the plasma is qualitatively different for these two cases. For the higher external ionization rate, most of the energy is absorbed in the first few nanoseconds, and, after that, the absorption grows rather slowly and finally ends with ending output pulse. For the lower ionization rate, the absorption is first rather low and then grows gradually all over the simulation time. In addition, for the FIG. 2. Dynamics of energy balance. Time dependences of the RF energy within the system (black curves), the energy released from the system (green curves), and the energy absorbed in the plasma (red curves), along with the compressor output power (dashed blue curves) since the start of external ionization. The air pressure is 3 Â 10 5 Pa; the preset stored power in the cavity is %14.2 MW. The external ionization rate Q e is set until t ¼ higher rate of external ionization, the energy of the preset RF field is almost fully spent already by $12 ns, while with the lower rate, a significant part of it remains within the system. The dynamics of absorption in the plasma is even better illustrated by the time dependences of the absorbed power shown in Fig. 3 . It is seen that for the higher external ionization rate (Fig. 3(a) ), the absorbed power has a sharp maximum at about 1 ns, which exceeds the power of losses in the plasma at this time in the case of lower ionization rate (Fig.  3(b) ) by an order of magnitude. Later in time, however, the absorbed power plotted in Fig. 3(a) is significantly less than that of Fig. 3(b) , so that the integral over time is less, as was mentioned above. Also shown in Fig. 3 is the plasma conductivity as the energy absorbed in the plasma is determined by its conductivity and electric field within its volume. One can see that the sharp peak in the absorbed power in Fig.  3(a) corresponds to a conductivity of %0.14 X À1 m
À1
, which is far from being achieved in the case of lower external ionization rate.
It is obvious that at a certain value of the conductivity, the absorbed power is maximized since at zero conductivity, there are no energy losses, while at high conductivity, losses tend to vanish because the electric field is pushed out of the plasma region due to skin effect. This is illustrated by the results of the simulation shown in Fig. 4 . One can see how the field decreases with increasing plasma density; the maximal density (and, hence, conductivity) achieved at the end of the external ionization (t ¼ 5 ns) corresponds to almost zero electric field within the plasma. Later in time, in the absence of external ionization, the density decreases due to recombination and the electric field once again increases.
As a result, during the external ionization depending on the ionization rate, the plasma conductivity may grow far beyond the value maximizing the power of losses, as in Fig.  3(a) , or not reach this value, as in Fig. 3(b) . In the former case, the plasma layer can be considered as a good reflector; the rate of energy absorption in it is stabilized at a low level after the initial sharp peak and no longer depends on the conductivity, which continues to change in time. In the latter case, the absorbed power increases with time until the end of external ionization and then remains at the level reached during the energy extraction phase, so that the total energy absorption by the plasma turns out to be very significant.
The portion of stored microwave energy that is absorbed in the plasma is plotted versus the external ionization rate in Fig. 5 . It is seen that the maximal absorption shifts towards 
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Reuse of AIP Publishing content is subject to the terms at: https://publishing. /ns. At such high rate, the plasma conductivity grows very fast. While the value maximizing the absorbed power in Fig. 3(a) /ns, this value is reached at a time much shorter than the period of RF oscillation. Therefore, more time is needed for the RF electric field to be pushed out of the plasma region, and the integral of energy absorption remains rather considerable.
Thus, to reduce the switching losses in a high-power high-gain compressor, one should provide a sufficiently high rate of external ionization. To see if this is achievable, adequate models should be used describing different actual methods for the discharge triggering. Below, we employ one possible approach for producing external ionization-setting an initial population of seed electrons-to model the laser triggering used in our recent experiments. [14] [15] [16] 
B. Experimental configuration
In this subsection, we focus on the dynamics of plasma formation in the conditions allowing for the comparison of simulation results with those obtained in the experiments. The objective of the studies was in detailing the mechanism of the influence of self-consistent evolution of the plasma density and RF electric fields in the discharge location on the peak power and waveform of the compressor output pulse. Some simulation results showing good agreement with the experiments on the compressor with laser triggering of the discharge developing in He gas were already reported briefly in Refs. 15 and 16. The results presented below particularly explain the rather low efficiency of the stored power extraction (20-40%) observed in these experiments.
The geometry and preset RF field pattern for the simulations were shown in Fig. 1 ; the resonant frequency of 2766.8
MHz is in an excellent agreement with the experiment. The RF voltage amplitude at the input port was set lower than for air in Section III A because of the much lower breakdown threshold for helium. In most of the simulations, it was set to be 4.8 kV; the amplitude of the preset RF electric field in the side arm antinodes was %23 kV/cm, and the stored power in the cavity section was %860 kW. The fill pressure in these simulations was 2 Â 10 5 Pa, as in the experiments, and the coefficients in the formula (4) for the avalanche rate in He and electron mobility in He were calculated for this pressure giving C ¼ 3.872 Â 10 6 cm/(V s), D ¼ 5.458 Â 10 2 (V/cm) 1/2 , and l e ¼ 5.66 Â 10 2 cm 2 /(V s). The electron-ion recombination coefficient in He was set to be 10 À8 cm 3 /s. The initial population of seed particles (electrons) producing the external ionization was set around the electric field antinode located in the plane distanced at a quarter-guide-wavelength from the side arm shorting plane. It is in this plane that the unfocused laser beam passed in the experiments. The optical imaging of the plasma in the compressor 14 showed that the discharge develops as an expanding filament of <0.6 mm transverse dimension, i.e., originates from a single site. Thus, the initial population of particles was set in a small volume of cubic form in the center of the waveguide crosssection. The size of this volume and the uniform charge density in it were variable parameters; the initial velocity of particles was randomly distributed from zero to 10 8 cm/s. The simulations confirmed that the plasma expands mostly along the RF electric field, forming a filament. The transverse dimension of the filament is determined by the size of the volume initially populated with macro-particles treated by the PIC algorithm. This is illustrated in Fig. 6 . It is also seen from Fig. 6 that while the plasma filament extends, the density in its central part becomes lower than that in periphery. It is important to note that the plasma density at t ¼ 25 ns is higher for the smaller volume populated with seed particles. The volume size of 1.2 mm was smallest in the simulations as a thinner plasma requires too fine grid for an acceptable runtime. Below (in Figs. 7-9 ), we present the results of the simulations with the 1.2-mm-volume.
The dynamics of plasma formation is well seen from the density profiles along the z-coordinate across the side arm waveguide in the center of the plasma filament shown in Fig. 7 . First, the density increases only within the volume populated with seed particles as the growth due to external ionization is stronger than the growth due to the avalanche rate determined by Eq. (4). Accordingly, at t ¼ 5 ns (curve 1), there is a strong gradient of the plasma density at the boundaries of the initial volume. While the density grows further, the region of denser plasma extends and the gradient at its boundaries decreases slightly (t ¼ 15 ns, curve 2), and at t ¼ 25 ns, the gradient becomes rather moderate, so that the expressed plasma filament is formed (curve 3).
The mechanism behind the plasma expansion is related to the avalanche process that becomes dominant over the external ionization starting from a certain level of the plasma density, i.e., when the term an e in the equation for the density evolution (2) is much greater than the source term Q e . Thus, the density evolution is determined by the evolution of the avalanche rate (4) depending on the RF electric field, 
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Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to IP: 132.68.75.150 On: Sun, 17 Apr which, in its turn, depends on the plasma density. In Fig. 8 , the non-averaged time dependence of the avalanche rate is presented together with the plasma density evolution at different points along the extending plasma filament. Also shown is the microwave power at the output port that allows one to see the mutual influence of the plasma formation and the output pulse extraction. The avalanche rate in Fig. 8 is at the same point within the initial volume populated with particles as the density plotted by the curve 1. One can see that the density rises very rapidly up to the level $10 10 cm À3 , and, after that, the rate of density growth exhibited by the curve 1 becomes the same as that of curves 2-4. As the density reaches the level at which the RF electric field is pushed out of the dense plasma due to the skin effect, the avalanche rate decreases and the density growth rate in the curve 1 decreases accordingly. At the same time, the field outside the dense plasma region (ahead of the front of the plasma) increases, and, hence, the avalanche rate there increases as well. Accordingly, the density there becomes to grow much faster so that the dense plasma expands along the field, as seen from the behavior of curves 2-4. The extraction of the microwave output pulse begins only when the length of the dense plasma filament becomes sufficiently long, as one can see from the comparison of curves 1-4 and the blue curve for the output power. After the beginning of the energy release, the plasma density is saturated everywhere because the electric field decreases below the level at which it can support the avalanche process.
The evolution of the RF electric field in the center of the plasma volume and its amplitude profile along z-coordinate are shown in Fig. 9 . It is seen how the field being first 
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Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to IP: 132.68.75.150 On: Sun, 17 Apr uniform (as defined by the TE 10 -mode structure in a rectangular waveguide) is pushed out of the regions occupied by the dense plasma (right plot) with significant enhancement ahead of the front of the propagating plasma. There is even a time interval in which the field in the center of the plasma volume slightly increases (left plot); the field is pushed out also towards the center when the plasma conductivity there becomes less than in the periphery. After that, however, the compressor cavity goes out of resonance, and the field decreases everywhere as seen in Fig. 9 . At E < 10 kV/cm, the avalanche is no longer supported-the plasma density no longer rises. It was shown earlier 11, 14 that the compressor output power increases with increasing plasma density and the volume it occupies. This means that the extraction of the output pulse limits its own power when terminating the rise of the plasma density. The efficiency of power extraction obtained in the simulation for which the compressor output pulse is presented in Fig. 8 is only %33%. Both the peak power and waveform of the output pulse are in excellent agreement with the power and waveform of the pulses registered in the experiments 15 with the close value of the stored power. Moreover, the charge density of seed particles set in this simulation (10 À11 C/cm 3 ) provides very good agreement with the experiment in the delay time between the moment of the laser beam entering into the system (i.e., creating initial population of seed particles) and the appearance of the output pulse. The good agreement with the experiment in the delay time and satisfactory agreement in the pulse peak power and waveform were also demonstrated in simulations with lower input RF voltages and stored power in preset RF fields (see Ref. 15) . It is, therefore, possible to state that setting such a point-like volume of seed particles adequately simulates laser triggering, and the dynamics of plasma formation determines the quality of the output pulses, particularly the low extraction efficiency, obtained in the experiments.
It is obvious that the scenario in which the extraction of the output pulse limits its own power can be avoided if the plasma density and filament length needed for efficient extraction are settled sufficiently fast with respect to the extraction time, i.e., a round-trip time for a traveling wave along the compressor cavity. As seen in Fig. 8 , the time of plasma filament formation is, on the contrary, longer than the output pulse length. Such a situation is inevitable while the external ionization remains negligible in the plasma density evolution, which is determined by the avalanche ratein our case, by He gas properties. Increasing the external ionization rate Q e by increasing the charge density in the population of seed particles results in the increase in the plasma density achieved before the ionization rate an e begins to dominate over the rate Q e . This leads to the decrease in the time of plasma formation needed for output pulse extraction. The output power, however, does not increase; it even tends to decrease with increasing charge density of seed particles, as is illustrated in Fig. 10 . The peak power of the output pulse for a charge density of 10 À6 C/cm 3 (blue curve 2) is lower than for 10 À11 C/m 3 , in spite of the fact that the plasma density within the initial population of seed particles (black curve 2) is significantly higher. This is caused by the fact that the energy release cannot start unless the length of the dense plasma filament is sufficiently long; the plasma 
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Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to IP: 132.68.75.150 On: Sun, 17 Apr expansion still takes a significant time. Since this time is less than that in the case of the lower charge density, the filament turns out to be shorter and, thus, the output power is lower. One can, therefore, conclude that with the point-like volume of seed particles, it is impossible to achieve a high efficiency of power extraction since it is limited by the finite velocity of plasma expansion. A different situation takes place if the population of seed particles is set at once as the filament crosses the side arm waveguide over its entire height. Such a configuration models the laser triggering when the unfocused laser beam enters the waveguide along the RF electric field, in contrast to the path across the field. In this case, there is no plasma expansion as the filament is already formed and the plasma density evolution in simulations does not depend on the zcoordinate. A comparison of compressor operation with different laser beam directions was carried out experimentally and in simulations in Ref. 16 . It was shown that if the laser beam is directed along the RF electric field, the delay between the plasma discharge initiation and the appearance of the microwave output is shorter, but the compressor output pulse remains practically the same as in the case of laser beam path across the field. This was confirmed in the simulation with the filament-like population of seed particles having a charge density of 10 À11 C/cm 3 and 1.2-mm quadratic cross-section. The energy release for the plasma filament having the maximum possible length starts at the lower density than for the point-like volume of seed particles so that the output power does not considerably change in spite of the larger volume occupied by the plasma. Increasing charge density in the seed particles filament volume, however, leads to the increase in the output pulse power and improves the quality of its waveform, as seen from the results of the simulations presented in Fig. 11 . Let us note that the power plotted in curve 2 corresponds to %75% efficiency of stored power extraction calculated for the "flat-top" of the output pulse. This means that efficient extraction can be achieved in practice by a very significant increase in the laser pulse intensity or by using a powerful laser in the UV spectral range, in contrast with the one employed in Ref. 16 .
IV. SUMMARY
The process of RF energy extraction from a microwave pulse compressor with an H-plane waveguide tee-based plasma switch has been studied in numerical simulations accounting for the mutual influence of the plasma density and RF field evolution in time and space. The objective of the studies was to reveal the mechanisms governing the switching losses and waveform of the output pulse in highgain high-power compressors, in which switching is achieved by a high-pressure gas discharge. We have analyzed the dynamics of both the plasma formation and RF energy absorption in the plasma.
The dynamics of energy absorption in the plasma was investigated by setting the external ionization rate within the layer crossing the side arm waveguide. The external ionization rate determines the plasma density and conductivity, and, thus directly affects the peak power and waveform of the microwave output pulse and energy balance during its extraction. It was found that the higher the ionization rate, the more microwave energy is absorbed by the plasma in the first few nanoseconds, but the absorption for the whole duration of energy release, on the contrary, decreases with increasing external ionization. Nevertheless, switching losses remain significant; particularly, for the external ionization rate as high as 10 15 cm
À3
/ns set for 5 ns in the 8-mm-thick layer at 3 Â 10 5 Pa gas (air) pressure and 92 kV/cm initial amplitude of the RF electric field, about 20% of the energy stored in the compressor cavity is lost.
The dynamics of plasma formation was investigated using the approach adequately modeling the laser triggering of the discharge-setting the initial population of seed electrons in a small volume around the RF electric field antinode. It was shown that the plasma extends along the field forming a filament whose transverse dimension is set by the dimensions of this volume. The simulations demonstrated good agreement with experimental results obtained for the helium-filled Sband compressor; 15, 16 in particular, the self-consistent evolution of the plasma density and RF electric field explains the rather low efficiency of the stored power extraction observed in these experiments. Three stages of plasma density evolution were found. The first one is an exponential growth up to the level at which the electric field within the plasma region begins to decrease because of the skin effect. Then, the avalanche rate decreases, while the density still rises as the RF energy remains within the cavity. Finally, the stored energy is released, and the electric field becomes insufficient to support the avalanche process. The density no longer rises so that the extraction of the output pulse actually limits its power.
It was shown that such a scenario is inevitable for a point-like volume of the initial population of seed particles. Even if the charge density in this population increases so much that very dense plasma is immediately produced in its volume by the external ionization, the energy release cannot start until the plasma expands up to a certain length. During the time required for this plasma expansion, one obtains RF energy absorption in the plasma, which limits the efficiency of the power extraction. This can be avoided for filamentlike seed particle volumes, which model the laser triggering 
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Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to IP: 132.68.75.150 On: Sun, 17 Apr in the case when the laser beam is directed along the RF electric field. For the filament-like volume, the dense plasma sufficient for the efficient extraction of the stored power can be formed in a time much shorter than the output pulse length. The simulations showed the possibility to obtain $75% extraction efficiency in the output pulse of much improved waveform quality. The significant increase in the intensity of external ionization produced by the laser beam is necessary for that, and the corresponding measures to be employed for that in practice are being considered now for our future experimental work.
